Introduction
The cornea is an ocular tissue made up of different layers, and is characterized by its transparency and its ability to refract light. 1 Nevertheless, the cornea of the human eye also acts as a mirror that reflects light. 2 Corneal epithelium is the cornea's outermost layer, and is vulnerable to several types of damage, such as the presence of foreign bodies, poor contact lens adaptation, or as a result of refractive surgery. A damaged ocular surface can lead to ocular infection, neovascularization, scars, and so on, with an increased risk of perforation and even more severe complications. 3 The particular arrangement, density, and position of corneal fibers lead to its elastic behavior. 4 When subject to compression or stretching, the cornea reorganizes its layers, increasing in elasticity in order to reach a new equilibrium. 5, 6 Corneal stability relies on different factors, such as intraocular pressure (IOP) or the action of extraocular muscles, 7 but it can also be affected by other elements, such as refractive surgery. [8] [9] [10] Most refractive surgery procedures modify the biomechanics of the cornea, because of the fact that ablation itself can have an impact upon the cornea's hysteresis response. 11 Various devices have been developed in the past decades to evaluate corneal damage using objective measurements. For instance, in 1986, Freund et al 12 established the direct summation of fields approach, in which corneal transmittance was estimated by measuring light scattering through each corneal fiber. However, this method was way too complex. In the 1990s, owing to the advent of the Scheimpflug imaging technique, the measurement of corneal light backscattering improved significantly. 13 This very same Scheimpflug imaging technique is currently used in the Pentacam System (Oculus Optikgeräte GmbH, Wetzlar, Germany) to provide information on corneal densitometry and transparency. Pentacam system is a non-invasive system that outputs numerical values, thereby enabling objective evaluation and comparison of both the particular eye condition under study and the patient's evolution over time. This is particularly useful in diseases such as corneal dystrophies, and in the case of refractive surgery.
Some studies have proposed normalized corneal densitometry values as an indicator of corneal health. 14 Corneal densitometry studies have been conducted following refractive surgery, such as photoreactive keratectomy (PRK) 15 or laser in situ keratomileusis (LASIK). 16 However, the Pentacam System comes with an updated map of corneal densitometry, thus yielding complete and accurate information. Refractive lenticule extraction with small-incision lenticule extraction (ReLEx SMILE) is a novel refractive surgery procedure that has not been extensively studied, although the most recent data suggest that it has a smaller impact upon corneal biomechanics compared to LASIK surgery. 17 To the best of our knowledge, no previous study found in the literature has ever compared different refractive surgery techniques in terms of its impact upon corneal densitometry. Therefore, the purpose of this study was to gain greater insight into the corneal densitometry changes occurring as a result of refractive surgery and to compare these changes-measured with the Oculus' Pentacam System-across three widely used surgical techniques: namely, PRK, LASIK-FS (LASIK with a femtosecond laser), and SMILE. The secondary goal of this work, where significant intertechnique differences to be found, was to develop an algorithm that would help the surgeon decide, in a case-by-case basis, which is the optimal and most effective surgical technique for each patients, thus making it possible to obtain the best-possible visual-quality results.
Materials and methods

Participants
This experimental, prospective study was carried out at the Innova Ocular Group Clinic (Madrid, Spain).
The final number of participants was 336 (184 men and 152 women), with the mean age of 32.43 ± 6.50 years. Both eyes were evaluated in 316 patients, and the remaining 20 patients were assessed monocularly. Both eyes were included in the study, as they were found to be highly correlated, and the treatment was the same for both eyes. 18 In 19 of the 20 patients only one eye was included in the study because of the fact that only one eye was operated, whereas in the remaining patient one eye was excluded as it underwent ReLEx SMILE and part of the lenticule could not be completely extracted in the first surgery. The only exclusion criterion was prior eye surgery (irrespective of the specific surgical approach).
The sample was divided into the following three groups, according to the refractive surgery procedure they underwent: 74 patients (42 men and 32 women) to the LASIK-FS group, 153 patients (86 men and 67 women) to the PRK group, and 109 patients (56 men and 53 women) to the ReLEx SMILE group. The groups were homogeneous in terms of pre-values, with no statistically significant differences. Demographic data are shown in Table 1 .
All participants entered the study voluntarily and were free to withdraw with no need to give a reason why. Informed consent was obtained from all patients, and the principles of the Declaration of Helsinki 19 were followed in all procedures. Each patient received the most appropriate refractive surgery treatment, according to the clinical criteria included in the Innova Ocular Group protocols.
Preoperative measurements
The preoperative assessment included subjective refraction with and without cycloplegic agents, IOP (Goldman tonometer), binocular examination, ocular dominancy, photopic and mesopic pupillometry, corneal topograph, and corneal densitometry (Oculus Pentacam, Oculus Optikgeräte GmbH), corneal aberrometry (Wasca, Carl Zeiss Meditec AG, Jena, Germany), and anterior and posterior pole evaluation.
Corneal densitometry was measured with an Oculus Pentacam (software version 1.20r29). This system relies on a series of 25 images (1003 × 520 pixels) taken over different meridians with a uniform blue light source; the acquisition protocol takes~2 s to complete. The value shown on the screen is that area's mean value computed from the different individual meridian-specific values. In the analysis stage, the program automatically locates the corneal apex and analyzes the 12-mm-diameter area around it. The output (resulting corneal densitometry) is given in grayscale units (GSUs). The GSU scale is calibrated by means of a proprietary software, which defines a minimum light scatter of 0 (maximum transparency) and a maximum light scatter of 100 (minimum transparency). For the purpose of local densitometry analysis, preoperative values were considered as baseline values, and the measures were limited to the default 12-mm-diameter area, which was later subdivided into four concentric radial Table 1 Demographic data pre-and post-surgery All values given as mean ± SD unless otherwise specified.
Corneal densitometry and refractive surgery techniques F Poyales et al zones, all having the apex as center: the central zone (2 mm in diameter); the annulus having 2 mm of internal diameter and 6 mm of external diameter (referred to as the 2-to-6-mm annulus); a second annulus going from 6 to 10 mm in diameter (the 6-to-10-mm annulus); and the outermost one: the 10-to-12-mm annulus. 20 These topographical zones are predefined in the software. Corneal densitometry was also measured at different corneal depths: anterior cornea (the outermost 120 μm layer), posterior cornea (the 60 μm-thick layer that forms the inner surface), and the middle layer lying in between the first two ( Figure 1 ).
Surgical techniques
All surgeries were performed by four expert ophthalmologists (FP, JM, FA, and PC). For PRK, manual de-epithelialization was performed by applying diluted alcohol on the corneal surface, followed by corneal ablation using the MEL-80 excimer laser platform (Carl Zeiss Meditec AG). Mitomycin C was applied for 20 s immediately after laser ablation. A therapeutic contact lens was placed after washing the ocular surface. All the patients were advised to wear the contact lens for the first 5 days after surgery. In the case of re-epithelization delay, patients were instructed to keep wearing the contact lens until the end of the process.
As for LASIK-FS, a flap having a thickness of~100 or 120 μm was created with a Visumax FS femtosecond laser (Carl Zeiss Meditec AG). Corneal carving was performed with a MEL-80 excimer laser, and the flap was then returned to its initial position once the ablation stage was completed.
Finally, for ReLEx SMILE, the lenticule was cut using the same Visumax FS platform used for LASIK-FS, and was then extracted through a 2.0-3.2 mm peripheral incision.
Postoperative protocol
The same measurements taken during the preoperative examination (see above) were repeated postoperatively at every visit. In the case of PRK patients, these were scheduled 1 and 3 days after the procedure, plus once a week during the first month after the surgery. In the case of LASIK-FS patients, follow-up visits were scheduled 1 and 3 days postoperatively, as well as the first, second, and fourth weeks after surgery. Finally, ReLEx SMILE patients' follow-up visits were scheduled on days 1, 3, and 10, as well as 1 month after surgery. All patients had a final follow-up visit 3 months after surgery.
For comparison purposes, postoperative corneal densitometry values were defined as those measured at this final follow-up visit, when patients were discharged. These postoperative results were then compared to the ones obtained before surgery (baseline values).
Statistical analysis
Statistical analysis was performed with the SPSS software (version 22.0, SPSS Inc., Chicago, IL, USA). The values Figure 1 Screen data output of the Scheimpflug optical densitometry assessment. The 12-mm-diameter area is subdivided into four concentric radial zones (0-2, 2-6, 6-10, and 10-12 mm). The output is also subdivided based on corneal depth into anterior (anterior 120 μm), central, and posterior (the most posterior 60 lm of the cornea) layers. 
Results
None of the patients included in this study presented clinically significant haze after surgery. One eye was excluded, as it underwent ReLEx SMILE and part of the lenticule could not be completely extracted in the first surgery.
Corneal densitometry values in each corneal ring zone
All densitometry values, expressed in GSU, are summarized in Table 2a . Regarding preoperative values, no statistically significant differences were found between the three groups, for any given ring zone under analysis (P40.05). On the contrary, when pre-and postoperative values were compared, corneal densitometry had changed significantly (for all ring zones) in the PRK group (Po0.001). However, in the case of LASIK-FS and ReLEx SMILE, significant differences were found only in the peripheral zone, that is, the 10-to-12-mm annulus (P = 0.05 and Po0.001, respectively). Figure 2a shows postoperative densitometry values in a radial segment of the cornea.
Corneal densitometry according to corneal depth values
Corneal densitometry at different corneal depths was also evaluated. All densitometry values are shown in Table 2b . Figure 2 Corneal densitometry measurements according to corneal ring zones postoperative values. There were no statistically significant differences between surgical techniques in any radial segment of the cornea (a). Corneal densitometry measurements according to corneal depth postoperative values. There were no statistically significant differences between surgical techniques in any corneal depth (b). Corneal densitometry values according to the ring area of the cornea (represented in GSUs; Table 2a ) and corneal densitometry values according to the layers of the cornea (represented in GSUs; Table 2b ). No statistically significant differences were observed preoperatively between the three groups (P40.05).
As for the pre-vs-post-surgery comparison, in the ReLEx SMILE group a significant decrease in densitometry values was observed after surgery, but the only differences that were found to be significant were those corresponding to the anterior layer (P = 0.003) and to total corneal thickness (P = 0.016). No pre-vs-postsurgery differences were found (for any corneal layer) in the LASIK-FS group. On the contrary, in the PRK group there was significant postoperative decrease in densitometry values for all corneal layers (Po0.001 for all layers). Figure 2b shows postoperative densitometry values at different corneal depths.
Corneal densitometry and spherical equivalent correlation
Postoperative total corneal densitometry and preoperative spherical equivalent revealed a slight correlation in the PRK group only. The Pearson's correlation coefficient was r = 0.170 (Po0.001; Figure 3a) for the LASIK-FS group, r = 0.218 (P = 0.002; Figure 3b) for the PRK group, and r = 0.258 (P = 0.001; Figure 3c ) in the case of the ReLEx SMILE group.
Discussion
Corneal densitometry has been studied in some ocular conditions such as bacterial keratitis, 21 Fuchs' endothelial dystrophy, 22 and keratoconus, 23 and following different procedures such as corneal transplant (DALK) 24 or crosslinking for keratoconus. 25 This is the first study of corneal densitometry in patients undergoing refractive surgery with either PRK, LASIK-FS, or ReLEx SMILE, using the latest Oculus Pentacam system software. Corneal densitometry can be used as an objective measure of corneal response after refractive surgery, and is valid for monitoring patients over time. This is particularly relevant in post-refractive surgery scenarios, due to the potential loss of corneal transparency. In PRK surgery, laser ablation is performed at a plane that corresponds to the corneal stroma's most fibrous layer; therefore, there is higher likelihood of regression and tissue fibrosis than after LASIK surgery. 26, 27 On the contrary, LASIK may cause ectasia 28 and diffuse lamellar keratitis with ReLEx SMILE. 29 The monitoring of corneal densitometry values can be helpful in patients having postoperative complications.
Corneal densitometry was highest at the outermost layer-compared to deeper tissue layers-but layerspecific densitometry values did not differ significantly when the three surgical techniques were compared. As for the analysis of the different corneal annuli, the resulting densitometry values revealed significant differences only in the vicinity of the limbal zone. This zone is the area with the poorest repeatability and reproducibility of the measurements. 14 Previous studies reported corneal densitometry values of 16.76 ± 1.87 GSU, which is similar to our preoperative values: 16.62 ± 1.97 for LASIK, 16.38 ± 1.67 for PRK, and 16.26 ± 1.50 for ReLEx SMILE. 15, 16, 30 Previous studies have also evaluated corneal densitometry in PRK and LASIK patients both before and after surgery. [14] [15] [16] As for post-PRK patients, the 3-month postoperative value was 37.81 GSU, and the 12 month one was 26.92 GSU, 15 which is twice the value found in our study. Fares et al 16 found no significant differences between pre-and postoperative values for overall corneal densitometry following LASIK, and reported corneal densitometry values 12 months after surgery that were slightly lower than our results. These differences might be explained by the different examination protocols, that is, different Oculus Pentacam software, which may have affected the calculated measurements. A possible factor that could explain the differences in densitometry outcomes might be the time elapsed between the surgery and the corneal densitometry assessments. However, in another study in which corneal densitometry was measured in patients undergoing PRK for myopia and hyperopia, changes in corneal densitometry were found only in those patients who developed haze. Those patients who had kept a clear cornea after surgery had the same values as subjects who had not undergone surgery: 29.9 ± 8.7 GSU in the clear-cornea myopia group and 25.1 ± 2.4 GSU in the non-operated myopia group. 30 ReLEx SMILE is a novel technique for the treatment of refractive errors, which explains why so few studies have been published so far. With respect to parameters associated with corneal transparency, such as corneal haze or contrast sensitivity, the studies found in the literature have reported that the ReLEx procedure results in better contrast sensitivity than the femtosecond LASIK technique, 31, 32 and less corneal haze than PRK surgery. 33 This is the first study to evaluate corneal densitometry in ReLEx SMILE patients. The normal pre-and postoperative densitometry values herein reported might be indicative of minimal scarring or haze affecting corneal transparency. The comparison between techniques suggests that total corneal densitometry is not enough to reveal differences among them. The analysis must be performed in a predetermined way, because of the limitations imposed by the Pentacam software, but densitometry evaluation exactly in the interface area in ReLEx SMILE and LASIK surgeries would be interesting, so as to see whether there are significant differences between these techniques and to be able to extrapolate these results to visual-quality analysis.
Although the present study analyzed corneal densitometry parameters in depth in these patients, some limitations apply. We only performed one corneal densitometry measurement on the day the patients were discharged. We believe that more frequent densitometry post-surgery monitoring might be of interest, including it at all postoperative visits within the first year after surgery.
Most studies have used slit lamp observation and subjective assessment to report loss of transparency after refractive surgery. The possibility of assessing changes in corneal transparency non-invasively and objectively could allow better patient management. Densitometry measurement with the Pentacam system maybe a useful and objective tool for evaluating postoperative corneal transparency. 21 Thus, densitometry measurements will give refractive surgeons an objective measure of the corneal response and haze, allowing these to be monitored over time.
In conclusion, corneal densitometry was not negatively affected by any of the refractive surgical procedures under evaluation, and could become an essential tool in postoperative monitoring protocols.
Summary
What was known before K Area densitometry analysis combined with Scheimpflug photography has been used to quantify surface light scattering. Corneal densitometry values can be considered as an indicator of corneal health.
What this study adds K Corneal densitometry is not negatively affected by any of the refractive surgical procedures studied. Corneal densitometry could become an essential tool in postoperative monitoring protocols.
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